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SUI't'iAEY 


Thrust augmentation of a TG-180 turbojet engine by burning fuel 
in the tail pipe has been investigated in the Cleveland altitude wind 
tunnel. The engine thrust and the fuel consumption were detennined 
for a wide range of simulated flight conditions and tail-pipe fuel 
flows. The investigation was paa-ticularly directed toward evaluation 
of thrust augmentation for high-s]peed and high-altitude flight. The 
engine tail pipe was modified for the investigation to reduce the 
gas velocity at the inlet of the tail-pipe combustion chamber. 

The thrust of the standard TG-100 engine was increased 109 per- 
cent by tail-pipe burning when investigated under conditions corre- 
sponding to a Mach number of 1.18 at a simulated altitude of 
30,000 feet. At these simulated flight conditions the specific fuel 
consumption, defined as the pounds of fuel burned in the engine and 
tail pipe per pound of net thrust, increased 67 percent above the 
specific fuel consumption for the standard engine without tail-pipe 
burning. The cycle efficiency and the thrust increment from tail- 
pipe burning decreased with a decrease in simulated flight speed. 

At a simulated altitude of 30,000 feet and a flight Mach number of 
0.7, the thrust was augmented 95 percent and the specific consumption 
increased 91 percent above the consumption of the standard engine. 

The general trends cf the experimental values were in agreement 
with values calculated from theoretical equations. 


INTEODUCTION 

Thrust augmentation of turbojet engines to provide military 
ratings is of extreme importance in increasing their usefulness and 
range of application. The burning of fuel in the high-pressure 
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region of the tail pipe provides a practical cycle for increasing 
the thrust of the jet engine without increasing the temperature or 
stresses in the turbine’ buchets or othervrise disturbi.ng the normal 
cycle of the engine operation provided that the tail pipe is equipped 
with an adjustable-area nozzle. 

An Investigation of thrust augmentation by tail-pipe burning 
has therefore been conducted in the Cleveland altitude wind tunnel, 
to determine whether the theoretically predicted performance of 
tail-pipe burner installatio.ns could be practically achieved. 
Particular attention was directed toward the evaluation of perform- 
ance at high speeds and altitudes. 

The most important requiirements for the ideal tail-pipe burner 

are: 

1. i'iaximum thrust at high efficiency 

2. Wide range of stable burner operatio.n 

3. Minimum thrust loss for operatio.n without tail-pipe burning 

4. Minimum change in over-all dimensions of the engine 

5. Adequate tail-pipe cooling 

6. Light weight 

The fulfillment of these objectives l.ntroduces numerous research 
problems. In this Investigation attention was concentrated on the 
attairmaent of the first two requirements. 

The st-andard tail pipe of the TG-180 turbojet engine was 
replaced with a larger tail pipe designed to provide favorable con- 
ditio.ns for combustion; no particular consideration was given to 
size and weight of this installation. A series of interchangeable, 
fixed-area nozzles was used because no variable-area nozzle was 
available. The investigation was made at ram-pressure ratios 
between 1.045 and 2.35, corresponding to flight Mach numbers from 
0,25 to 1.18, and at simulated altitudes of 5000 and 30,000 feet. 

Air was supplied to the engine through a duct at pressures corre- 
sponding to conditions at each simulated altitude and airspeed. 

Performance results of the tail- pipe burning investigation- 
on the TG-180 turbojet engi.ne and a comparison of experimental 
results with theoretical calcvilations are presented. 
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SU'.BOLS 

‘ The following symbols are used In the calculations: 


A 

cross-sectional area, square feet 

a 

speed of sound, feet per second 

B 

thrust scale reading, pounds 

Cp 

external drag coefficient of Installation (determined from 
power-off tests) 

Cp 

specific heat of gas at constant pressvire, 3tu per povind 
per 


jet tlu'’ust, pounds 

Ers 

^ n 

net thrust, pounds 

g 

acceleration of gravity, feet per second per second 

J 

mechanical equivalent of heat, foot-pounds per Btu 

M 

Mach number 

m 

mass flow, slugs per second 

P 

total pressure, pounds per square foot absolute 


P^/Pq ram-pressure ratio 


P 

static pressure, pounds per square foot absolute 

q 

d;ynainic pressure, pounds per square foot 

B 

gas constant 

S 

wing- section area, square feet 

T 

total temperature, 


indicated temperature, 

t 

static temperature, 


__ 
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V velocity, feet per second 

Wg air flow, ijounds per second 

\I^ total fuel consumption, pouiids per hour 

turbo Jet- engine fuel conaimiption, pounds per hour 

tail-pipe fuel consumption, pounds per hoinr 

Wg exhaust gas flow, p'ounda per second 

specific fu.el consumption based on net thrust and total 
fuel consumption, pounds per hour pound thrust 

f /a fuel-air ratio based on total fuel flow to 'engine 

and tail pipe 

y ratio of specific heats for gases 

p mass density of gas, slugs per cubic foot 

T total- temperature ratio across tail pipe, 

Subscripts: 
g exhaust gas 

j exhaust Jet at vena contracta 

r inlet duct at survey rake, station r 

X j.nlet duct at slip Joint, station x 

0 tunnel test- section free-air stream 

1 cowl inlet 

6 diffuser inlet 

10 tail-pipe nozzle outlet 

■ FIMDAI'-IEIITALS OF TAIL-PIPE BURNINOr 

The Jet thrust of the turbojet engine is equal to the product 
of the mass rate of ges flow and the Jet velocity. Thrust 
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augnientatlon of a turlDOjet engine "by ‘burning fuel in the tail pipe 
results in an increase of the final jet velocity. The value of the 
final jet velocity is given by 



Inasmuch as the speed of sound of the jet a. is proportional to 

xJ 

the square root of the absolute temperature of the jet, it follows 
that the jet thrust is also proportior.al to the square root of the 
absolute temperature of the jet. liaximum final jet temperatui-es are 
reached when sufficient fuel is added in the tail pipe to bum com- 
pletely all the ox;rgen in the air passing through the engine. I4ax- 
imum tliriist is obtained when the engine is operated at the maximum 
allowable engine speed and turbine- out let temperature. These 
operating conditions correspond to maximum total pressures of the 
gas at the discharge of the turbine. 


Ac the amount of fuel burned in the tail pipe is varied, the 
tail-pipe nozzle area must be changed to maintain maximum allowable 
engine conditions. An expression for jet thrust involving jet area 
and jet Mach number is 


Fj = 

and the Mach number squared is 


( 2 ) 


7 - X 


/ V '' 

flio) 

\^o) 


III 

7 


(3) 


J 


Jet I'la.ch number is principally a function of the total- 

pressiu'e ratio P^q/pq, which remains essentially constant at fixed 

engine and flight conditions and, if losses are disregarded, is 
independent of the jet temperature. At the maximum allowahle engine 
operating conditions, the jet thrust is therefore proportional to 
the jet area (equation (2)). Because the jet thrust at fixed engine 
operating conditions is proportiona,! to the square root of the jet 
temperature, it follows that the jet area requii-ed to maintain max- 
imum allowable engine operating conditions will he proportional to 
the square root of the jet temperature. 
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INSTALLATIOIT FCE TAlL-PIPE BUEWIITG 


IK TG-180 TUEBO,TET EKGTKS 

The TGr-180 engine has an ll- stage axial-flow compressor, eight 
cylindrical combustion chambers, a single-stage turbine, and an 
exhaust nozzle. The over-all length, of the standard engine os 
14 feet and the maximum diameter is 86 inches. 

The standard tail pipe was replaced by a modified tail pipe, 
which was lengtheiied to include a diffuser, a 5-foot comoustion 
cliamber, a reducer section, and a tail-pipe nozzle. A sketch ox bhe 
installation is shoT'm in figure 1. The diffuser (fig. 2) was 
designed to reduce the average gas speed to approximately 300 feet 
per second. 

The flame holder used in the tail pipe (fig. 3) consists of 
vertical and horizontal V-tj-pe gutters and is a modification of ttie 
type fomd to be satisfactory in altitude wind tunnel invest igatio.ns 
of an KACA 20- inch- diameter ram Jet. Fuel was sprayed normal to the 
direction of gas flow through small holes in seven horizontal spray 
bars, which were attached to the upstream side of the norizontal 
Y-tyne gutters in the flame holder and to a manifold outside the 
wall* of the flame-holder section (fig. 3(a)). Fuel was si.ipplied to 
the spray bars at pressmea from 5 to 175 pounds per square Inch, 
dependiiig on the operating condition. The tail-pipe fuel was 
ignited either by means of propa.ne blom over a spark plug or bj 
rapid acceleration of the engine. 

A circular combustion chamber 34 inches in diameter and 5 feet 
in length was located immediately downstream of the flame holder. 

A reducer section and an exhaust nozzle converged to form the desired 
outlet area. Downstream of the flai-ae holder the tail pipe was 
wrapped with 0.75- inch-diameter copper tubing. Vfeter was circulated 
throiY^h this tubing to prevent excessive shell temperature. 


WIKD-TUKKEL IKSTALLATICK A?tD TEST rEOCEDKEE 


The TG-180 tiurbojet engine was suspended from a wing section 
Installed in the 20-foot-diameter test section of the altitude wind 
tunnel (fig. 4). The i.nstallation was s5.mplified by omitting the 
cowling. Dry refrigerated air was supplied to the engine through a 
duct from the tunnel make-up air system (fig. 5). A frictionless 
sealed slip joint in the inlet-air duct 40 feet upstream of the engine 
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inlet made it possible to measure the thrust with the tunnel balance 
scale system. The air was throttled from approximately sea- level 
press’xre to the desired pressure at the engine inlet while tne pres- 
sure in the wind-tunnel test section was maintained at the desired 
altitude. The temperat:ire of the engine Inlet air was regulated to 
the approximate WACA standard temperat-ijre corresponding to the sim- 
ulated flight speed and altitude. 

Prelimi.narj’- calibration runs were made with, a sta.ndard engine 
equipped with a lo^- inch-diameter nozzle to provide a basis for 

evaluating the changes in performance resulti.ng from tail-pipe 
bm-ning . 


The investigations were conducted at simulated altitudes of 
EOOC and 30,000 feet and ram-pressure ratios from 1.045 to 2.35, 
which correspond to flight Mach numhers from 0.25 to 1.18. At each 
simulated flight condition, the TG-ISO engine was operated at a 
speed of 7600 rpm and data were obtai.ned at various fuel flows 
throughout the operable range of the tail-pi^pe combust?.on chambex’. 
The minimioii fuel, flow was deteraiined by comDUstion blow-out in txie 
tail pipe and the maximtiri fxiel flow was determined by the limiting 
turbine-discharge temperature (1220° F). Tail-pipe nozzles larger 
than standard were needed to piemTiit high fuel flows for the tail- 
pipe burning without exceeding ponaxssible turb.lne temperatures. 
Because no co.ntinuou3ly variable out].et-area nozzle was available, 

fixed nozzles of 19-, 19|-, and 21-inch diameters' were substituted. 

A svirvey rahe was mo'unted in the inlet duct upstream of the 
engine Inlet (fig. 5) to measure the engine air flow. Pressiires 
and temj)eratures of the gases were moasured at 10 stations in t±ie 
engine (fig. l). The tail-pipe rake, station 10, was so mounted 
that It could be retracted from tiie nozzle outlet. Measurements 
were made with this rake o.nly for conditions with no tail-pipe 
burning because of the high gas temperatures when fuel vras burning 
in the tail pipe. Thrust was determined from the tala.nce scales 
for all the test conditions for which data are presented. The 
methods used to determine thrust and air flow from these measure- 
roe.nts are given in appendix A. Kerosene (AIJ-F-32) was burned in 
the engine a.nd 62-octane unleaded gasoline was burned in the tail- 
pine combustion chamber. The fuel flow to each component was 
measured by calibrated rotameters. 
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DISCUSSION OF KESITLTS 

Data obtained In. this investigation are presented in figures S, 
7, and 8 for tJiree tail-pipe nozzle diaiiieters, tvo altitudes, and 
five ram-pressure ratios, respectively. Each of these figures pre- 
sent (a) ^et thrust, (t) net thrust, (c) engine fuel consumption, 

(d) specific fuel consumption based on net thrust, (e) air flow, 

(f) total fuel-ear ratio, and (g) tail-pipe total-pressure ratio as 
functions of tail-pjlpe fuel consumption. A limit line is dravm in 
some figures to show the conditions at which the maximum allowable 
turbine- out let temperature (1220° F) was attained. 

The engi.ne with the sta.ndard tail pipe and nozzle operated at 
approx3.mately iiiniti.ng ta,il-pipe tetaperatures at low altitude and 
low airspeed co.nditio.ns. At 30,000 feet and at the high ram- 
pressiire ratios at which the investigations were conducted, the tail- 
pipe temperature was lower than the niaximijm allowahle temperefture. 

A variable-area nozzle should he used to maintain limiting tail-pipe 
teraxierature. Because pi-ese.nt iristailatio.na of Jet engines do not 
use a variable-area nozzle, the results of the tail-pipe burning, 
tests have been compared with the engine uel’ig a standard nozzle 
with a fixed diameter of 13^ inches. 

The significant results of this investigation were obtained 
at conditions where the turbine- ou.t let temperatures reached the 
limiting value of 1220° F, as Indicated by the dashed lines in fig- 
ures 6 to 8. The succeeding disoxxssion will be confined to the 
results obtained at these conditions. 

The Jet tlumst at conditions of liraiting turbine- outlet tem- 
perattire and maximum engi.no spieed increased in direct proportion 
to the increase in tail-pipe nozzle ai’ea, as shown in figure 9. 

The straight line on the graph shows the ideal thrust calculated 
hy oquat.^o.ns (2) and (3). The J-et thrust obtained was about 
17 perce.nt less tba..n the value computed by theory. The difference 
between theoretical and experlme.ntal results is attributed to 
friction and combustio.n-pressirre losses i.n the tail p-’i?®* 

The loss i.n total pressuire in the modified tail pipje \Tas 
determined from the difference in total pressure at the diffuser 
inlet (station 6) and the total x3ressu_ro at the tail-pipe nozzle 
outlet (station 10). The losses were measrured when the engine was 
equipped with a standard 16" inch-diameter nozzle and no burni.ng 

was present in the tail pipe. The cold friction coefficient 
(?g - I'io)/°s Cl. 7 q-5? which corresponded to a total pross’ore 
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loss of 7 percent. The losses vere smal.ler in the standard tail 
■pipe than in the modified tail pipe; the data for the standard 
engine in figure 9 wex'e therefore expected to fall hetween the theo- 
retical and experimental curve. As previouslj mentioned, dinring 
o'peration at high simulated altitudes and high ram-pressure ratios, 
the limiting temperatures were not reached vith the standard 

16-- inch-diameter tail-pipe noszle, which explains why the tlirust 
4 

for the standard engine was lower than expected. 

The relation among jet thrust, total temperature of the jet, 
and total- temperature ratio t is shown in figure 10. The values 
of total temnerature were computed hy eouation (B-5) in appendix B. 
Conhustion temperatures of 3.160*^ E were reached (fig. 10) . ^ 

ure 11 shows the relation among tail-pipe fuel consumption, totai 
fuel-air ratio, and total- temperature ratio across the tail pipe. 

A dashed line has been drami showing the theoretical temperature 
;^a,tio assuming 100-percent combustion eificiency and a heating value 
of the fuel equal to 19,000 Etu per pomid. The theoretical temper- 
ature ratio did not increase linearly with the fuel-air rauio 
because of the variation in tne specific heat of the gas with gas 
temperatijre . The mean value of tail-pipe oombustioxi eificiency 
computed from this figure for results obtained at an altitude of 
30,000 feet and a ram-pressinrs ratio of 1.66 is about 70 percent. 

At ram-pressure ratios of 1.045 and 2.35 combustion efficienc.i.es 
of approximately 65 and 83 percent, respectively, were obtained. 

The increased combustion efficiency at high ram-pressure ratios 
results from the higher pressure in the tail pipe at the high i-am 
conditions ai’xd is in general agreement with results obtained in 
other combustion studies. 

The maximum total fuel-air ratio attained at a ram-pressure 
ratio of 1.66 and an altitude of 30,000_feet was 0.057 with a 
21- inch-diameter tail-pipe nozzle. Fuel-aii' ratios closer^ to 
stoichiometric with correspondingly greater thrusts might have been 
obtained with a slightly larger tail-pipe nozzle. 

The increase in thrust res'ulting from tail-pipe burning results 
in higher specific fuel consumptions than for the standard engine 
(fig. 12). "'When fuel was b'arned in the tail pipe at 30,000 feet 
and a ram-pressure ratio of 1.66, the net thrust was 3020 pounds 
with a net thrust specific fuel consumption of 2.50 pounds per hour 
per pound of net tln'ust as compared with a net thrust of 1530 pounds 
and a net thrust specific fuel consumption of 1.36 pounds per hour 
per pound of net thrust for the standard engine without tail-pipe 
burning at the same flight conditions. 
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The effect of altitude on tail-pipe liurning was obtained from 
tests with a Sl-inch-dianieter tail-pipe nozzle at low rani- pres sure 
ratios. The total fuel-air ratios and the tail-pipe total-pressure 
ratios at limiting tail-pipe temperatures were much lower 

at 5000 feet than at 30,000 feet (figs. 7(f) and 7(g)). The higher 
combustion efficiencies at low altitudes were primarily responsible 
for the lower observed fuel-air ratios at 5000 feet. The total- 
pressure ratio across the tail pipe increased at higher altitudes 
owing to the increase in the compression ratio of the engine com- 
pressor as the inlet temperature was lowered. As a result of the 
higher tail-pipe total-pressure ratios at the higher altitudes, 
larger percentage increases in thrust available from tail-pipe 
burning were possible at 30,000 feet than at 5000 feet (fig. 13). 

Increasiiig the ram-pressure ratio Increased the mass flow of 
gases through the engine and the total-pressure ratio ^q/Vq across 

the tail pipe (figs. 8(e) and 8(g)). A cross plot showing the 
variation of teil-pipo total-prossui'e ratio ivith ram-pressure ratio 
at limiting turbine- out let temperatires is shown in figure 14. 
Experimental and theoretical, values of the variatio.n of Jet thrust 
with tail-pipe total-pressure ratio at limiting turbine-outlet tem- 
peratures and at an altitude of 50,000 feet are shown in figure 15. 
The theoretical i-esults were calcu.lated by means of equations (2) 
and (3). The experimental values are lower tha.n the theoretical 
values owing to friction and combustion pressire losses in the tail 
pipe. 


The measured values of net thrust at an altitude of 30,000 feet 
for the engine with a staiidard I6|-inch-diameter nozzle and for the 

engine equipped with the tail-pipe combustion chamber and a 21-inch- 
diameter nozzle are shown in figure 13. The values given for the 
e.Vigl.ne with, tail-pipe burner rex^resent a limiti.ng tempex’ature of 
1220° F at the turbine outlet. The results are replotted in fig- 
ure 17 to show the percentage increase in net thrust attributable 
to tail-pipe burning. 

The net thrust was increased 7 I percent at a Ma,ch .n’jmber of 0.25 
95 percent at 0.7", and 102 percent at 1.16. A further increase in 
thrust is believed possible by so increasing the nozzle size that 
the effective total fuel-air ratio of the cngi.ne is brought up to the 
stoichiometric value. 

Specific fuel consumptions based on net thrust that corrospo.nd 
to the thrust results of figure 16 are shown in figure 18. The 
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3 T>ecific fuel consumption increased 126 percent at a Mach number of 
0^25, 91 percent at 0.7, and 67 percent at 1.18. The improvement 
in. efficiency and thrust augmentation with increase in airplane 
speed is clearly demonstrated. 


STJMMARY OF RESULTS 


Results from an investigation in the Cleveland altitude wind 
tunnel of thrust augmentation of a TG-1.80 turbo^let engine with 
tail-pipe burning were as follows: 

1. At an altitude of 30,000 feet, the net thrust of the stand- 
ard engine was increased 7 I percent at a Mach number of 0.2c, 

95 percent at a Mach number of 0.7, and 109 percent at a Mach mnnber 
of 1.18. The correspondi.ng Increases in specific fuel consumption 
were 126, 91, and 67 percent. 

2. As a result of the higher tail-pipe total-pressure ratios 
at the higiier altitudes, lax-ger percentage i.ncreases in thrust 
available from tail-pipe burning were possible at 30,000 feet than 
at 5000 feet. 

3. An adjustable-area tail-pipe .nozzle is required in order to 
obtain benefit from tail-pipe burning. At an altitude of 30,000 feet 
and a ram- pressure ratio of 1.6S, the optimum diameter with tail-pipe 
burning was slightly larger than 21 Inches, as compared with the 

standard nozzle diameter of 16^ inches. 

4. At an altitude of 30,000 feet, the combustion efficiency Ox 
the tail-pipe combustion chamber varied from 65 percent with the low 
pressure In the tall pipe, which is associated with a ram-pressui’e 
ratio of 1.045, to 83 percent with the higher tail-pipe pressure, 
which is associated with a ram-pressure ratio of ^;.35. 
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5. The engine peiTforrnance characteristics experimentally 
determined with tail-pipe 'burning were compared with those calcu.- 
lated from theoratical equations and the general trends of the 
experimental and theoretical values were in agreement. The Jet 
tiirust obtained with tail-pipe burning was I 7 percent lower than the 
Jet thrust estimated from a simple analysis that did not Include 
losses. 
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APFEJPIJI A 


iWHOrS 0? CALCUIo^lTION 
Toiaperature 

A cold caliliration of a sample theriDocouple up to a Mach ric- 
her of about O.S showed that the theimocouple measured the static 
temperature plus approximately 85 percent of the adiabatic tempera- 
ture rise owing to the Impact of the air on the thermocouple. 

Static temnerature may be determined from indicated temperature oy 
anplying this factor to the adiabatic relation between temperature 
and pressure in the following manner: 


u — 

izl 
,'P'' 7 

1 + 0.85 

1 - ! - 1 
\P 


and the total temperature 


>'-l 


,/p'n 

\p; 


111 
/P'N ^ 
\* / 


1 + 0.85 


111 
/P ^ 7 

\P / 


_ 1 


(A-1) 


(A-2) 


Air Flow 

The air flow through the engine was determined from pressure 
and temperat'ure measurements obtained with a vertical survey raxe 

installed in the inlet duct 11- feet ahea,d of the engine inlet 
(fig. 5). Air flow was calculated by 



r 

1-1 

p., Aj, 1 

1 2JgCp 

/AN " 1 

- Pj, Aj^ vrg - ^ M 

\^r/ j 


The static temperature in equation (A--3) was obtained by use of 
equation (A-l) . 
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Jet Thrust 


Jet thrust was determined from the balance- scale aeaovirer.-'e.nta 
by coEibining the forces on the installation in the foliowi.ng 
enuation: 


B + 


C^a.£ 

B-0 




(A-4) 


The second term in the right-hand side of equation (A-4) represents 
the external drag of the installation and the third and foijrth 
tenna combined represent the force on the installation at the fric- 
tionless slip Joint in the inlet-air duct. 


Equivalent Airspeed 

Inasii;uch as all calculations are based on lOC-percent ram 
recovery, the equivalent airspeed corresponding to the ram-pressure 
ratio at the engine inlet can be expressed by 


Vq - A /20'gOp Tpp 

V 

Because the adiabatic tomporature rise due to the coc^j.-inlot velocity 
was low, the equivalent free- stream total temperature can be assuraed 
eq- 08 ,l to the cowl-inlet indicated temperature. The use cf this 
assumption introduces aii eri'ci’ in e-irspeed of less than 1 percent. 


1 -i 


^ Pc \ 


\ / 


\b 


(A-5) 


ile'o Thrust 

When equations (A-3), (A-4), and (A-5) are combined, the equiv- 
alent free- stream momentum of the inlet air may be subtracted from 
the Jet thrust and the follovring equation for net thrust is obtained: 


Fn 



W.V, 




(A- 6) 
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APPEiroiX B 

DEEWATION OF EQUATIOil FOR ESTIMATING GAS 

TS^■IPSRATL1RE FROM THRUST AlID AIR FLOW 

In all cases covered in this report, the jet velocity was 
supersonic. It is therefore assumed that sonic velocity exists at 
the oiitlet of the tail-pipe nozzle, station 10. The Jet thrust Fj 
is given hy 

¥ 

"^10 ^io(Pio ~ pq) 

The velocity V]^q equals the sonic velocity consequently, 

W^ 

=~i ^10 + ho^^io - Po^ 

The iDressure p at the nozzle outlet can he eliminated hy the 
10 

equation of continuity 


~ ^10 ^‘10 ^10 ® 


^^^10 ^10 
^10 


M- 


10 


But M-,,. = 1.0; therefore 

^10 78 Aio 

Equation (B-l) can then he reduced to 


Wp ai 0 / q \ 

F. + ^ - Aio Po 


J 


a 


\ 
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Solving for a-,Q, 


LO = IJ 


(B-2) 


The static te’nnerat’oi’e at ata.tion 10 is related to by 


a, ^2 

i-O 

*b*; ^ ~ 


(3-3) 


and the relation of total static tsuperatia'e at station 10, where 
M = 1.0, is 


rp 


t 



(B-4) 


Wnen egviations (3-2) , (B-3), and (B-4) are cotibined, the followirjg 
egression for the total tsiaperatuire T^^n is obtained: 


^10 


(I'j + Po '-lo)' 






2E(7 + 1) 


(3-5) 
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Figure 7. - Variation of t\jrboJet engine performance 
vitl tail-pipe fuel consumption for two altitudes. 

Engine speed, 7600 rpm; ram- pres sure ratio, 1.045; 
21-incli-diameter tail-pipe nozzle. 

(a) Jet tlirust F-14 

(■b) Wet thrust F-15 

(c) Engine fuel consumption F-16 

(d) Specific fuel consumption haaed on net thrust F-17 

(e) Ail- flow F-13 

(f) Total fuel-air ratio F-IS 

(g) Tail-pipe total-pressure ratio F-20 

Figui’e 8. - Variation of turbojet engine performance with 
tail-pipe fuel consumption for five ram-pressure ratios. 
Altitude, 30,000 feet; 21-iach-diaineter tail-pipe nozzle. 

(a) Jet thrust F-21 

(b) Wet thrust F-22 

(c) Engine fuel consimptica F-23 

(d) Specific fuel consumption based on net thrust F-24 

(e) Air flow F-25 

(f) Total fuel-air ratio F-26 

(g) Tail-pipe total- presaiu’e ratio F-27 

Figure S. - Eolation between nozzle area and thrust of 
turbojet engine with tail-pipe burning. Engine speed, 

7600 rpm; turbine-outlet temperature, 1220° F; ram- 
pressure ratio, 1.66; altitude, 30,000 feet. Value of 
7 was assumed equal to I.27 for calculation of 
theoretical thrust F-28 

Figujre 10. Belation between jet tlirust .md total temper- 
ature of gases leaving tail pipe of turbojet engine with 
tail-pipe burning. Engine speed, 7600 rj)m; turbine-outlet 
temperature, 1220° F; ram-pressure ratio, 1.66; altitude, 

30,000 feet F-29 

Figure 11. - Eolation between tail-pipe total temperature 
ratio and tail-pipe fuel consumiition of turbojet engine 
with tail-pipe burning. Engine speed, 7600 rpm; ram- 
pressure ratio, 1.66; tui-bine-outlet tempera tui”©, 1220° F; 
altitude, 30,000 feet F-30 
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1. - Installation of TG-ISO turl30C‘et engine witli 
tail-pipe ooiabustion chaml^er allowing relation of component 
parts and measuring stations in engine 

Figure 2. - Dovmstream end of diffuser for modified tail 
pipe of TG-13C turto^et engine 


Figure 3. - Flsn-e holder instai-led. at inlet oi tS/il-pipe 
combustion chamber of TG-180 tuxbo^iet engine. 

(a) Upstream view of flame holder 

(b) Dovmstream view of flame holder 


Figure 4. - Wind-tunnel installation of TG-180 turbojet ^ 

engine with tail-pipe combustion chamber 1'"'-' 

Figure 5. - Installation of TG-130 tiu’bojet engine showing 
duct from tunnel make-up air system to engine inleo j.or 
supplying air at ram pi'essures F-6 

Figure 8. - Variation of turbojet engine performance with 
tail-pipe fuel consumption for three tail-pipe nozzle 
diameters. Engine speed, 7600 rpm; altitude, 

30,000 feet; ram-pressure ratio, 1.66. 

(a) Jet thrust 

(b) Net thrust 

(c) Engine fuel consumption 

(d) Specific fuel consumption based on net thrust 

(o) Air flew 

(f) Total fuel-air ratio 

(g) Tail-pipe total-pressure ratio 
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Figiire 12. - Relation 'between net thrust and specific f\iel 
consumption based on net thrust of turbojet engine with 
staiidai’d tail pipe end with modified tail pips with tail- 
pipe buiTilng. Engine speed, JQOO rpm; tiu’Dine-cutlet 
temperature, 1220° F; ram- pressure ratio, 1.68; altitude, 

30,000 feet F-31 


Figure 13. - Effect of altitude on percentage Increaco in 
thriist from tail-pipe burning with turbojet engine. 

Engine speed, 7600 rpm; tirbine-outlet temperature, 

1220° F; ram-press’re ratio, 1.045; 21- inch-diameter 

tail-pipe nozzle F-32 


Figure 14. - Relation between tail-pipe total-pressure 
ratio and ram-pressire ratio for turcojet er.gi.ne with 
tail-pipe burning. F.ngine speed, 7600 riim; turbine-outlet 
temperature, 1220° F; altitude, 30,000 feet F-33 

Figure 15. - Effect of ram- pressure ratio on relation 
between tail-pipe total-pressiro ratio a-.id jet thrust 
of turbojet engine with tail-pipe burning. Engine 
speed, 7600 rpm; turbine-outlet temperatui-e, 1220° F; 
altitude, 30,000 feet F-34 


Figure 16. - Relation between equivalent flight Mach nuimber 
and net thrust of turbojet engine with standard tail pipe 
;vnd with modified tall pipe and tail-pipe burning. Engine 
speed, 7600 rpm; t'jrbine-outlet temperature, 1220° F; 
altitude, 30,000 feet F-35 


Figure I 7 . - Relation between equivalent flight Mach nurober 
•md percentage increase in net thrust resulting from tail- 
pipe burning with tirbcjet ongine. Engine speed, 7600 rj.'m; 
tirbine-outlet temperature, 1220° F; altitude, 30,000 feot. F-56 


Figure 18. - Rolatio.n between oquivale.nt flight Mach number 
and specific fuel consumption based on not thrust for 
turbojet engine with standard tail pipe and modified tail 
pipe with tail- pipe burning. Engine speed, 7600 rpm; 
turbine-outlet temperature, 1220° F; altitude, 30,000 feet. F-37 
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Figure 5. - Installation of TG- I 80 turbojet engine showing duct from tunnel make-up 

air system to engine inlet for supplying air at ram pressures. 
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(a) Jet thrust. 

Figure 6.* Variation of turbojet engine performance with tail- 
pipe fuel consumption for three tail-pipe no 22 le diameters. 
Engine speed, 7600 rpm; altitude, 30,000 feet; ram-pressure 
ratio. 1.66. 
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Tail-pipe fuel consumption, ^^^7 Ib/hr 
(o) Engine fuel consumption. 

Figure 6.- Continued. Variation of turbojet engine per- 
formance with tail-pipe fuel consumption f or _three tail- 
pipe noszle diameters. Engine speed, 7600 rpmj altitude, 
30,000 feet; ram-pressure ratio, 1,66. 
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(d) Specific fuel consumption based on net thrust. 


Figure 6,- Continued, Variation of turbojet engine per- 
formance with tail-pipe fuel consumption for three tail- 
pipe nozzle diameters, Bngine speed, 7600 rpmj altitude, 
30,000 feet; ram-pressure ratio, 1«66, 
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Figure 6.- Continued, Variation of turbojet engine per- 
formance with tail-pipe fuel consumption for three tail- 
pipe nozsle diameters. Engine speed. 7600 rpm| altitude. 
So. 000 feetj ram-pressure ratio. 1,66, 
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Figure 6,- Continued, Variation of turbojet engine per- 
formance with tail-pipe fuel consumption for three tail- 
pipe norzle diameters. Engine speed, 7600 rpm: altitude. 
30,000 feet; ram-pressure ratio, 1.66, 
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Figure 6,“ Concluded, Variation of turbojet engine per- 
formance with tail-pipe fuel consumption for three tail- 
pipe nozzle diameters. Engine speed, 7600 rpmj altitude, 
30,000 feetj rara-pressure ratio, 1,66. 
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Tail-pipe fuel consumption^ ^ft^ Ib/hr 
(a) Jet thrust. 

Figure 7.- Variation of turbojet engine performance with tail- 
pipe fuel consumption for two altitudes. Engine speedy 7600 
rpm; ram-pressure ratio, 1,045; 21-inch-diameter tail-pipe 
nossle. 
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Figure 7,- Continued. Variation of turbojet engine performance 
with tail-pipe fuel consumption for two altitudes. Engine speed, 

7600 rpm; ram-pressure ratio, 1.046j 21-lnch-dlameter tail-pipe 
nosele. 
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(c) Engine fuel consumption* 

Variation of turbojet engine performance 
fuel consumption for two altitudes. Engine speed, 
7^ ppmi ram-pressure ratio, 1.046| 21-inoh-diameter tail-pipe 
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Figure 7,- Continued. Variation of turbojet engine performance 
with tall'^lpe fuel consumption for two altitudes. Engine speed, 
7600 rpm; ram-pressure ratio, 1.045; 21-lnch-dlameter tail-pipe 
nozzle. 
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Figure 7.- Continued. Variation of turbojet engine Mr- 

formanoe with tail-pipe fuel consumption for two altitudes^ 
Engine speed, 7600 rnm; ram— oressur^ ratio, l,04Sj 21- 
Inch— diameter tall— pipe nozile. 
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Figure 7,- Continued. Variation of turbojet engine performance 
with tall-^lpe fuel consumption for two altitudes. Engine speed, 

7600 rpm| ram-pressure ratio, 1,046; 21-lnob-dlameter tail-pipe 
noiale, 
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Figure 7.- Concluded.' Variation of turbojet engine perfowancc 
with tail-pipe fuel consumption for two altitudes. Engine speed, 
7600 rpn) ram— pressure ratio, 1.045} 21— inch— diameter tail— pipe 
nozzle. 
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Figure 8,- Variation of turbojet engine performance with tail- 
pipe fuel eonsumptlon for five ram-pressure ratios. Altitude, 
30,000 feetj 21-lnoh-dlanieter tail— pipe nozzle* 
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Figure 0,- Continued, Variation of turbojet engine performance 
with tail-pipe fuel consumption for five ram-pressure ratios. 
Altitude, 30,000 feet; 21-inoh-diameter tail-pipe nozzle. 


CONFI OENTI AL 


I 


J 



» 


NACA RM No. E6I20 


CONF 1 OENT I AL 


F-25 


• •• • 
• • • • 







(c) Engine fuel consumption. 

Figure 8,- Continued, Variation of turbojet engine performance 
with tail-pipe fuel consumption for five ram-pressure ratios. 
Altitude, 30,000 feet; 21-inch-diameter tail-pipe nozzle, 
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Figure 8.- Continued. Variation of turbojet engine performance 
with tail-pipe fuel consumption for five ram-pressure ratios. 
Altitude, 30,000 feet; 21-inch-diameter tail-pipe nozzle. 
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Figure 8.- Continued. Variation of turbojet engine performance 
with tall— pipe fuel consumption for five rant-pressure ratios. 
Altitude, 30,000 feet I 21-lneh-dlameter tall-^lpe nozzle. 
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Tall-jripe fuel consumtplon, Ib^u* 

(f) Total fuel-air ratio* 

Figure 8.— Continued, Variation of turbojet engine performance 
with tail-pipe fuel eonsumptlon for five ram-pressure ratios. 
Altitude* o0*000 feetj 21-lneh-dlameter tail-pipe nozzle. 
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(g) Tail-pipe total-pressure ratio. 


Figure 8,- Continued, Variation of turbojet engine performance 
with tall— pipe fuel consumption for five ram-pressure ratios. 
Altitude, 30,000 feetj 21— Inch— diameter tall— pipe nozzle. 
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Figure Belation between nozzle area and thinist of turbo- 
jet engine with tail-pipe burning. Engine speed, 7600 rpaj 
turbine-outlet temperature, 1220® P,' ram-pressure ratio, 
1.66; altitude, 30,000 feet. Value of y was assumed equal 
to 1.27 for calculation of theoretical thrust. 
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Figure 10. • Relation between Jet thrust and total temperature 
of gases leaving tall pipe of turbojet engine with tail- 
pipe burning. Engine speed, 7600 rpm; turbine-outlet 
temperature, 1220° F; ram-pressure ratio, 1.66j altitude, 
30,000 feet. 
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Figure 13.- Effect of altitude on percentage Increase In thrust 
from tail-pipe burning with turbojet engine. Engine speed, 
7600 rpm; turbine-outlet temperatvu*e, 1220® Ff ram-pressure 
ratio, 1.046; 21-lnch-dlameter tail-pipe nozzle. 
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Figure 18.- Relation between equivalent flight Mach number and 
specific fuel consumption based on net thrust for turbojet 
engine with standard tail pipe and modified tail pipe with 
tail-pipe burning. Engine speed, 7600 rpm; turbine-outlet 
temperature, 1220® Fj altitude, 30,000 feet. 
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